ABSTRACT We investigated conspeciÞc and heterospeciÞc oviposition host discrimination among four economically important fruit ßy pests of mango in Africa (Ceratitis capitata, Wiedemann; C. fasciventris, Bezzi; C. rosa, Karsch, and C. cosyra, Walker) with regard to host-marking behavior and fecal matter aqueous solutions. The objective of the study was to get insight into the potential of managing these pests using the host-marking technique. Observations were done on mango slices marked by the ßies and treated with aqueous solutions of fecal matter of the ßies, respectively. In both host-marking and fecal matter experiments, C. cosyra, which is the most destructive species of the four on mango, was exceptional. It only discriminated against hosts treated with its fecal matter but with lower sensitivity while C. capitata and C. fasciventris discriminated against hosts marked by it or treated with its fecal matter and with higher sensitivity. Our results provide evidence for potential of managing some of the major fruit ßy species infesting mango in Africa using the host-marking pheromone of the mango fruit ßy, C. cosyra.
After oviposition in their hosts, many phytophagous insects mark the same with some speciÞc pheromones and their conspeciÞcs tend to avoid reusing the resources (Prokopy 1972 , Roitberg and Lalonde 1991 , Papaj 1994 , NuÞo and Papaj 2001 , Roitberg 2007 . This behavior helps to minimize larval competition for food, which may culminate into their poor development or even death because in most cases the food resources are Þxed in size and the larvae are not mobile enough to Þnd other sources (Averill and Prokopy 1989, Aluja and DiazÐFleischer 2006) .
Insect host-marking behavior has been observed in orders such as Diptera, Coleoptera, Hymenoptera, Lepidoptera, and Neuroptera (Prokopy 1981 , Van Lenteren 1981 , Roitberg and Prokopy 1987 , Landolt and Averill 1999 . In the Order Diptera, host-marking behavior is common in the family Tephritidae, which has some of its species as the most damaging pests of horticultural crops worldwide (White and ElsonÐHar-ris 1992) . In tephritids, the behavior is usually signiÞed by the female dragging a protracted ovipositor on the surface of the oviposition substrate immediately after oviposition and it is in the process of dragging the ovipositor that the ßy deposits the marking-pheromone (Averill and Prokopy 1989) .
Because fruit ßies are crop pests of economic importance, their host-marking behavior can be exploited for their management through identiÞcation of the marking pheromones involved, producing them artiÞcially en mass and spraying them in orchards (Boller 1981 , Aluja et al. 2003 . This technique has, for example, been used to control the fruit ßy Rhagoletis cerasi (L.) in cherries in Switzerland Boller 1976, 1980; Aluja and Boller 1992) , R. juglandis in walnuts in the United States (NuÞo and Papaj 2004) , C. capitata in coffee in Mexico (Arredondo and DiazÐFleischer 2006) , and Anastrepha obliqua (Macquart) in mango and plums in Mexico (Aluja et al. 2009 ).
In fruit ßies, although females are generally perceived to discriminate against hosts marked by conspeciÞcs, discrimination against hosts marked by heterospeciÞcs also occurs (Prokopy et al. 1976; Giga and Smith 1985; Vet 1996; McClure et al. 1998; Duyck et al. 2004 Duyck et al. , 2006 Dicke et al. 2004; Aluja and DiazÐFleischer 2006) . This phenomenon can make the host-marking technique more economical by just using one hostmarking pheromone against several fruit ßy species.
For most of the fruit ßy species whose host-marking behavior has been exploited for their management, the host-marking pheromones have been isolated and identiÞed from fecal matter of their mature females (Boller and Hurter 1985 , Hurter et al. 1987 , Aluja et al. 2003 . This has been so because fruit ßies produce and store their host-marking pheromones in the posterior half of their midgut such that when fecal matter is being voided, it carries with it large quantities of these compounds (Averill and Prokopy 1989) . Fruit ßy hostmarking pheromones are also water-and methanolsoluble and prospective ovipositing ßies tend to discriminate against hosts applied with extracts of these solvents from fecal matter of mature females (Arredondo and DiazÐFleischer 2006, Aluja et al. 2009 ).
In Africa, Bactrocera invadens (Drew, Tsuruta and White), Ceratitis cosyra (Walker) (mango fruit ßy), C. capitata (Wiedmann), C. fasciventris (Bezzi), C. rosa (Karsch), and C. anonae (Graham) are the major fruit ßies hampering the production and utilization of mango, one of the most important fruits of the continent (Hancock 1989 , White and ElsonÐHarris 1992 , Ekesi and Muchugu 2007 Ekesi et al. 2007 , Rwomushana et al. 2008 . It is estimated that the continent produces 2.1 million tonnes of mango annually but 30 Ð50% of the fruit is lost to these pests (Ekesi et al. 2007) . Farmers manage fruit ßies using various techniques that include trapping, fruit bagging, early harvesting, use of biological agents (parasitoids, predators, and pathogens), orchard sanitation, and chemical sprays, but more and efÞcient management techniques are still required (Allwood and Drew 1996 , Vargas et al. 2001 , Billah et al. 2007 ).
Among the six major fruit ßy species devastating mango in Africa, host-marking behavior (postoviposition ovipositor dragging) is prevalent in C. capitata, C. fasciventris, C. rosa, and C. cosyra but not in C. anonae and B. invadens (Kachigamba 2012) , suggesting potential of the host-marking technique in the management of the Þrst four species. However, in fruit ßies, presence of host-marking behavior (dragging of the ovipositor on a host substrate after oviposition) is not always associated with discrimination of the host by prospective ovipositing ßies. In some species, the behavior is ceremonial, the ßies do not produce or deposit marking pheromones (NuÞo and Papaj 2004) . We, therefore, investigated conspeciÞc and heterospeciÞc host discrimination among C. capitata, C. fasciventris, C. rosa, and C. cosyra with regard to hostmarking behavior and fecal matter aqueous solutions to get insight into the potential of managing these pests using the host-marking technique. Following results of the aforementioned investigation, we determined relationship between concentration of fecal matter of C. cosyra and degree of host discrimination across all the four species.
Materials and Methods
Insects. The ßies used in this study came from a laboratory culture that has been maintained for over 100 generations at the International Centre of Insect Physiology and Ecology (ICIPE) in Nairobi, Kenya, using the methodology described by Ekesi et al. (2007) . For the experiments, adult ßies obtained from the stock culture, Ϸ40 of each sex, were transferred to 30 ϫ 30 ϫ 30 cm clear Perspex cages and fed on enzymatic yeast hydrolysate (USB Corporation, Cleveland, OH) mixed with sucrose in a ratio of 1:3. The ßies were also provided with water in 100 cm diameter petri dishes Þlled with pumice granules. The pumice granules were for the ßies to step on so that they did not drown. The ßies were then provided with 4 Ð5 spiked (1 mm holes) ripe mangoes (ÔAppleÕ) for 2 d to allow for egg laying. Thereafter, the egg-infested fruits were removed and incubated in 20 ϫ 12.5 ϫ 8 cm transparent plastic containers (Kenpoly, Nairobi, Kenya). The containers were covered with a Þne netting material held in place by the perforated cover of the containers. The containers had a 40 Ð 60 mm layer of moistened sterilized sand at the bottom and the fruits were placed on this sand. The sand served as pupation medium for the larvae that emerged from the fruits in addition to soaking up sap oozing from the fruits as they decomposed. The incubation containers were checked daily and puparia were picked from the sand with a pair of soft forceps, counted, and placed in petri dishes with moistened Þlter paper. When pupation occurred inside the fruit, the rotting fruits were dissected to completely recover all remaining puparia. The petri dishes with puparia were then kept in smallventilated transparent cylindrical plastic cages (5.5 ϫ 12.5 cm) (No. J-12, GP plastics, Kenya, Africa) until eclosion. The emerging fruit ßies were provided with an artiÞcial diet that consisted of a volumetric mixture of 1:3 enzymatic yeast hydrolysate and sugar, and water was provided in pumice granules. The ßies were maintained at 23Ð25ЊC and 40 Ð 60% relative humidity (RH) with a photoperiod of 12:12 (L:D) h cycle. At 10 d, the ßies were continuously provided with ripe mangoes in excess for oviposition so that they did not have excess egg loads, which could possibly inßuence their choice of oviposition substrates during experiments. All the fruit ßy species were used at 15Ð21 d old, when female fruit ßies are usually at their peak of behavioral and biological activity (Averill and Prokopy 1989, Nemeye 2003) . All the experiments were conducted between 9:00 a.m. and 4:00 p.m. because fruit ßies are diurnal insects (Averill and Prokopy 1989, Nemeye, 2003) .
Oviposition Substrates. Oviposition substrates for the fruit ßies were improvised as slices of ripe mango (Apple) Þtted in covers of 50 mm-diameter petri dish with their rinds intact and on the top surface. The size of each oviposition substrate was Ϸ23.8 cm 2 (surface area) and 5 mm thick. The Apple was chosen because of its high economic (export) value and susceptibility to the fruit ßies (Griesbach 2003) .
Experiment 1: Host-Marking Discrimination. Dualchoice oviposition assays were conducted in a completely randomized design (CRD), adapted from Prokopy et al. (1978) . Female ßies (100) of each species were observed to choose between ovipositing on a marked mango slice or a control. While Prokopy et al. (1978) used 25 ßies to "mark" one hawthorn fruit (surface area Ϸ7.1 cm used to do the same in this study (surface area of oviposition substrate Ϸ23.8 cm 2 ). A control oviposition substrate was prepared similarly but the ßies were not allowed to drag their ovipositors over the substrates by taking them (the ßies) out of the cage immediately after oviposition. Each pair of oviposition substrates was made from one mango to minimize natural chemical differences between them. The 100 fruit ßies of each species were grouped into 10 batches of 10 ßies each and each batch used one pair of oviposition substrates, but the ßies were observed individually. In the observation cage, the oviposition substrates were placed at the center, side by side and in contact so as to allow the ßies to move easily across them in search of oviposition sites. Each fruit ßy was observed for a maximum of 30 min to oviposit once on any of the two substrates after which it (the fruit ßy) was removed from the observation cage. Prior observations showed that ßies took a maximum period of 30 min to oviposit in the cage, but most of the ßies oviposited in Ͻ15 min. For each replicate, relative positions of the oviposition substrates were haphazardly changed before introducing the next ßy. Data collected were percentages of ßies that discriminated against the marked substrate, that is, those that chose to oviposit on the control. The data were subjected to 2 test (with Bonferroni correction) in R 2.8.1 to determine discrimination of the fruit ßies against marked oviposition substrates. Further, the data were arcsine-transformed and subjected to analysis of variance (ANOVA) to determine interaction between fruit ßy batch (replicate) and fruit ßy discrimination of marked oviposition substrates.
Experiment 2: Fecal Matter Discrimination. Fecal matter of each species was collected by rearing Ϸ1,500 mature female ßies in a 30 ϫ 30 ϫ 30 cm clear Perspex cage containing two clean 13 ϫ 25 cm glass pieces at the base, drinking water and yeast hydrolysate as described in the general rearing procedure. The ßies were reared for 30 d after which they were removed. The fecal matter on the glass plates in the cages was scraped and transferred into glass petri dishes, and then stored at Ϫ20ЊC for subsequent use. Aqueous solutions of 20 mg of fruit ßy fecal matter per ml of distilled water (adapted from Arredondo and DiazÐ Fleischer 2006) were used in the bioassays. The solutions were vortexed for 5 min before being used.
Dual-choice oviposition assays were conducted like in the previous experiment only that this time, the treatment was an oviposition substrate spread with fecal matter aqueous solution and the control was spread with distilled water. Fecal matter-treated substrates (treatment) were prepared by thoroughly swabbing intact substrates with a piece of cotton soaked in fecal matter solution while the control was swabbed with a piece of cotton soaked in distilled water. Based on results from this experiment, Þve doses, 0, 5, 10, 15, and 20 mg/ml of aqueous solutions of fecal matter of C. cosyra were tested across all the four fruit ßy species in a similar experimental setup. In each assay, 60 ßies were observed per dose. The fruit ßies were grouped into six batches of 10 ßies each, with each batch being a replicate. Data collected were numbers of fruit ßies that discriminated against the treatment. DoseÐresponse experiments were evaluated by Probit analysis.
Results
Host-Marking Discrimination. C. capitata signiÞ-cantly discriminated against the outcome of the hostmarking behavior of conspeciÞcs (74%; P Ͻ 0.001) and that of C. rosa (66%; P ϭ 0.001) but was indifferent to that of C. fasciventris and C. cosyra. C. fasciventris signiÞcantly discriminated against the outcome of the host-marking behavior of conspeciÞcs (69%; P Ͻ 0.001) and that of C. cosyra (88%; P Ͻ 0.001) but was indifferent to that of C. rosa and C. capitata. However, C. rosa was indifferent to the outcome of the hostmarking behavior of conspeciÞcs and C. cosyra but showed preference for that of the host-marking behavior of C. capitata (72%; P Ͻ 0.001) while being indifferent to that of C. fasciventris and C. cosyra. C. cosyra was indifferent to the outcome of the host-marking behavior of conspeciÞcs and all the other species (Table 1) . Within and across the fruit ßy species, fruit ßy batch had no effect on discrimination of marked oviposition substrates by the fruit ßies (Table 2) .
Fecal Matter Discrimination. C. capitata signiÞ-cantly discriminated against fecal matter of all the species: conspeciÞcs, 84%, P Ͻ 0.001; C. fasciventris, 74%, P Ͻ 0.001; C. rosa, 76%, P Ͻ 0.001; and C. cosyra, 86%, P Ͻ 0.001. C. fasciventris discriminated against fecal matter of conspeciÞcs, 85%, P Ͻ 0.001; C. rosa, 74%, P Ͻ 0.001; and C. cosyra, 71%, P Ͻ 0.001 but was indifferent to that of C. capitata. C. rosa discriminated against fecal matter of conspeciÞcs only (72%, P Ͻ 0.001) and was indifferent to fecal matter of all the other three species. C. cosyra also discriminated against fecal matter of conspeciÞcs only (83%; P Ͻ 0.001) and was indifferent to fecal matter of all the other three species (Table 3) . Within and across the fruit ßy species, fruit ßy batch had no effect on discrimination of fecal matter-treated oviposition substrates by the fruit ßies (Table 4) . In doseÐresponse tests, C. capitata, C. fasciventris, and C. cosyra host discrimination increased with increasing dose of fecal matter of C. cosyra. However, C. fasciventris was the most sensitive, with a minimum effective dose of 5 mg/ml, C. capitata was moderately sensitive with a minimum effective dose of 15 mg/ml while C. cosyra was the least sensitive with a minimum effective dose of 20 mg/ml. However, C. rosa was indifferent to all the doses tested (Table 5 ). There was strong positive relationship between fecal matter dose and host discrimination in C. cosyra, C. capitata, and C. fasciventris (R 2 ϭ 0.902, 0.794, and 0.723, respectively) but not in C. rosa (R 2 ϭ 0.088) (Fig. 1 ).
Discussion
In this study, C. capitata was used as a check because its discrimination against hosts marked by conspeciÞcs has already been documented. Prokopy et al. (1978) , working on the Hawaiian strain of this species and Arredondo and DiazÐFleischer (2006), working on the Guatemalan strain observed that C. capitata discriminated against hosts marked by conspeciÞcs. Our results compare favorably with these previous results, indicating sensitivity and effectiveness of our bioassays.
Discrimination of C. capitata against hosts marked by conspeciÞcs stems from the fact that the species deposits host-marking pheromones on its hosts during postoviposition ovipositor dragging (Prokopy et al. 1978, Averill and Prokopy 1989 , Aluja and DiazÐFleis-cher 2006, Arredondo and DiazÐFleischer 2006). Discrimination of C. cosyra and C. fasciventris against host marked by conspeciÞcs, therefore, suggests that the two species also deposit host-marking pheromones on their hosts after oviposition. This further suggests potential of the host-marking technique in the management of these species if their candidate host-marking pheromones can be identiÞed. However, failure of C. rosa to discriminate against hosts marked by conspe- Fruit ßy batch had no effect within and across all the species (ANOVA; P ϭ 0.05). SigniÞcance values (P values) are based on arcsine-transformed data but the mean discrimination values in the table are the actual ones. P values are compared with a threshold of 0.002 for Bonferroni correction. Discriminating fruit ßies were regarded as those that opted to oviposit on the control substrate. Fruit ßy batch had no effect within and across all the species (ANOVA; P ϭ 0.05). SigniÞcance values (P values) are based on arcsine-transformed data but the mean discrimination values in the table are the actual ones. P values are compared with a threshold of 0.003 for Bonferroni correction. Discriminating fruit ßies were regarded as those that opted to oviposit on the control substrate. ciÞcs may not necessarily mean that this species does not deposit host-marking pheromones because our results clearly show that C. capitata discriminated against hosts marked by this species (C. rosa). This phenomenon could be dose effect of the pheromone rather than its nonexistence because in fruit ßies, discrimination of marked hosts is inßuenced by, among other factors, concentration (amount) of the marking pheromone deposited on the host (Papaj and Aluja 1993) .
Discrimination of C. fasciventris against hosts marked by C. cosyra could mean recognition of the host-marking pheromone or pheromone components of the latter by the former. InterspeciÞc recognition of host-marking pheromones in fruit ßies has already been reported in species of the genera Rhagoletis (Prokopy et al. 1976 , Duyck et al. 2004 , Aluja and DiazÐFleischer 2006 . Likewise, preference of C. cosyra for hosts marked by C. rosa; C. fasciventris for hosts marked by C. rosa and C. rosa for hosts marked by C. capitata and C. fasciventris could mean interspeciÞc recognition of host-marking pheromones among these species. However, in these cases it could mean concentration effect also because fruit ßy hostmarking pheromones are known to be attractive to prospective ovipositing fruit ßies if in relatively low concentration (Papaj and Aluja 1993) . Discrimination of C. capitata against hosts treated with a solution of conspeciÞc fecal matter has previously been reported by Prokopy et al. (1978) on the Hawaiian strain of the species and Arredondo and DiazÐFleischer (2006) on the Guatemalan strain. C. capitata discriminates against hosts treated with a solution of its fecal matter because the fecal matter contains host-marking pheromone of the species (Arredondo and DiazÐFleischer 2006). Our Þnding, that C. cosyra, C. fasciventris, and C. rosa, like C. capitata, discriminate against hosts treated with their conspeciÞc fecal matter, suggests that fecal matter of these species also contains their host-marking pheromones.
The reproductive beneÞt of the host-marking behavior appears to be even more apparent in some of the fruit ßy species suggesting interspeciÞc recognition of the host-marking pheromone. Our results indicate that interspeciÞc host-marking recognition occurred between C. cosyra on one hand and C, capitata and C. fasciventris on the other, where the two latter species discriminated against hosts treated with a solution of fecal matter of the former.
In both host-marking and fecal matter experiments, C. cosyra did not discriminate against hosts marked by or treated with a solution of fecal matter of any species. It only discriminated against hosts marked by conspeciÞcs or treated with fecal matter of the same, yet C. capitata and C. fasciventris discriminated against hosts treated with a solution of its (C. cosyra) fecal matter. This observation suggests that there is a unique chemical factor in fecal matter of C. cosyra which it is sensitive to as its host-marking pheromone. Further, this observation may also concur with the facts that stenophagy in the genus Ceratitis results from exploitation of unconventional fruits (Erbout et al. 2011) and stenophagous insect species usually exploit hosts that are not appealing or discernible to generalists (De Meyer 2005) . In this case, it could be that C. cosyra, which has a narrow host range, mainly infesting mango and marula (White and ElsonÐHarris 1992 , Vargas et al. 2001 , Rwomushana et al. 2009 ), exploits mango, a fruit not indigenous to Africa (Bally 2006) , and then uses on it, a multi-speciÞc host-marking pheromone to make it even unappealing to other species while it (C. cosyra) does not recognize their host-marking pheromones. Because of all the four species in this study, C. cosyra is the most destructive on mango (Rwomushana et al. 2009 ), our results suggest that the hostmarking pheromone of this fruit ßy may be the most effective and economical to use in fruit ßy management. However, the indifference of C. rosa to the host-marking behavior of all the other species suggests that only its host-marking pheromone may be required for its management. The indifference of C. cosyra and C. rosa to the host-marking behavior and fecal matter of all the other species compares well with what Bakker et al. (2005) observed in some parasitic wasps, that different species did not respond to each otherÕs host-marking pheromone, suggesting speciÞc-ity in their host-marking pheromones.
Ecologically, the phenomenon where the other species discriminated against hosts marked by C. cosyra or treated with its fecal matter yet C. cosyra did not discriminate against hosts marked by any of them or treated with their fecal matter may corroborate with the fact that C. cosyra has a very narrow host range (mango and marula as main hosts) compared with the other species (White and ElsonÐHarris 1992 , Vargas et al. 2001 , Rwomushana et al. 2009 ). This phenomenon may, therefore, help C. cosyra to maximize utility of its narrow niche for its progeny in the presence of the other species.
Still for C. cosyra, which extremely exhibited no discrimination against host substrates marked by or treated with fecal matter of any of the other species, it may be important to investigate effect of time on the same. This can provide more insight into the subject because in some insects, interspeciÞc host discrimination is dependent on time in a way that prospective ovipositing females respond to physiological changes taking place in the host owing to earlier oviposition (Steinberg et al. 1987) . In addition, it may be important to investigate effect of simultaneous infestation of this species and the others in one host on larval development of each other because in some insects with common hosts, there is no discrimination of hosts by adults but rather their larvae are the ones that outdo each other in the host as they develop, a case of the ichneumonid Campoletis chlorideae Uchida and the braconid Microplitis mediator Haliday in their host Helicoverpa armigera Hubner (Tian et al. 2008) . Ardeh et al. (2005) observed that between Eretmocerus eremicus Rose and Zolnerowich and E. mundus Mercet, endoparasitoids of Bemisia tabaci Gennadius, females of the former avoided to multi-parasitize hosts parasitized by latter but the latter multi-parasitized hosts parasitized earlier by the former and in this case of multi-parasitism, populations of the latter were the ones that emerged stronger. In the present case, therefore, it may mean that in a case of simultaneous infestation in one host fruit by C. cosyra and any of the other species, the population of C. cosyra is the one that will come out stronger.
Another aspect that may need to be investigated on C. cosyra is existence of heterospeciÞc ovicide because in some species with common oviposition hosts such as Encarsia formosa and E. luteola (solitary endoparasitoids of the tobacco whiteßy), adults do not discriminate against hosts already used by the other, but rather destroy the oviposited eggs with the ovipositor before depositing theirs in the host (Collier et al. 2007) .
The strong positive relationship between dose of C. cosyra fecal matter and host discrimination in conspeciÞcs, C. capitata and C. fasciventris provides another hint for presence and utilization of a host-marking pheromone by this fruit ßy species. As fecal matter concentration increased, so did discrimination of the hosts by the fruit ßies. This, again, suggests potential of the host-marking pheromone of C. cosyra alone in the management of C. cosyra, C. capitata, and C. fasciventris.
The lower minimum effective doses of C. cosyra fecal matter against C. fasciventris and C. capitata (5 and 15 mg/ml, respectively) as opposed to that of C. cosyra itself (20 mg/ml) suggest that the two former species are more sensitive to the host-marking pheromone of C. cosyra than C. cosyra itself. Ecologically, this differential sensitivity may beneÞt C. cosyra as a narrow-host-range species (White and ElsonÐHarris 1992 , Vargas et al. 2001 , Rwomushana et al. 2009 , to minimize heterospeciÞc competition within its narrow niche.
Although the minimum effective doses of fecal matter of C. cosyra against conspeciÞcs and heterospecifics ranged between 5 and 20 mg/ml, lower doses may be required in nature because wild fruit ßies are more sensitive to host-marking pheromones than laboratory-reared ones (Prokopy et al. 1978 (Prokopy et al. , 1989 ). More work is required to compare wild-caught and laboratory-reared fruit ßies responses to fecal matter extracts in doseÐresponse assays.
Generally, the fruit ßies were more responsive in the fecal matter experiment than in the one of marking behavior. This may mean that higher concentrations of the host-marking pheromones of the fruit ßies were attained in the fecal matter experiment than in the former. For example, in a conspeciÞc case of C. cosyra, 64% discrimination was achieved in the host-marking experiment (although not statistically signiÞcant) but 83%, which was statistically signiÞcant, was achieved in the fecal matter experiment. This observation may mean that large amounts of fruit ßy host-marking pheromones can be extracted relatively more from fecal matter of the ßies than from their used host substrates.
In summary, this study provides evidence for potential of managing some of the major fruit ßy species infesting mango in Africa using the host-marking pheromone of the mango fruit ßy, C. cosyra. Further investigation is required to determine the chemical nature of this potential host-marking pheromone.
